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cruises (e.g. Friedlaender et al., 2006; Širović and Hildebrand, 2011; Thiele et al., 2000) .
However, despite these efforts, due to the Southern Ocean's vastness and coverage by sea ice, many areas have received only little survey effort to date.
Seismic surveys in the Antarctic occur solely in the context of academic research, investigating topics related to e.g. plate tectonics or the palaeoceanographic and climate history of the Southern Ocean (Breitzke, 2013) . As geophysical research occurs in the Antarctic at a circumpolar scale and throughout the austral summer, knowledge (and tools) are required to predict the likelihood of encounters with marine mammals at similar scales. To be able to do justice to both, species protection and scientific needs, spatio-temporally resolved, reliable and up-to-date information of the likely distribution of marine mammals in the Southern Ocean is needed.
Such information can be obtained from habitat models, which investigate cetacean-habitat preferences by quantifying relationships between a species and its environment. Their strength is to allow predictions of habitat suitability for environmentally sampled, yet geographically unsampled regions (Guisan & Zimmermann 2000 , Redfern et al. 2006 . In order to obtain meaningful models and predictions, a major prerequisite of the input data is that they have been acquired across the Southern Ocean's different environmental strata. With IWC efforts having been largely restricted to open water areas and current surveys being conducted on small-to meso-scales, these datasets fall short of meeting this requirement.
Instead, we utilized the widely distributed tracks of the German Antarctic research icebreaker, which regularly operates in the Southern Ocean and which logistic and research duties result in a quite extensive coverage of the Southern Ocean's different environmental strata.
In this study we developed habitat models and calculated predictions maps as a tool to support risk assessment and aid decisions of seismic survey planning to minimize the impact of anthropogenic noise on marine mammals. We correlated opportunistic sightings of humpback (Megaptera novaeangliae) and Antarctic minke whales (Balaenoptera bonaerensis) obtained between 2005 and 2011 with a comprehensive set of remotely sensed environmental variables on a circumpolar scale at daily resolution. We predicted daily habitat suitability from
November to April to investigate how habitat suitability for both species evolved throughout the season. Model robustness and reliability were assessed by comparing model results to the current knowledge of humpback and Antarctic minke whale ecology and distribution.
2 Materials and methods
Cetacean sightings data
Opportunistic cetacean sightings were collected during 14 multidisciplinary research expeditions of RV Polarstern to the Southern Ocean (defined here as waters south of the Polar Front) from January 2005 to January 2011. The nautical officers systematically logged cetacean encounters using a customised logging software called 'Walog' (Burkhardt, 2009a) .
The data comprise time and location (approximated by the ship's geographical position) of cetacean sightings (i.e. presence-only data), identified to the lowest taxonomic level possible (ranging from 'unidentified whale' to species level), the associated certainty level in the species identification (i.e. 'possible', 'probable', 'definite'), as well as the number of animals sighted. The spatial separation required for animals to be considered to belong to different groups was left to the discretion of the observer. All sightings are stored in the publicly accessible database PANGAEA (http://www.pangaea.de/, e.g. Burkhardt, 2009b) . For modelling, we used humpback and Antarctic minke whale sightings with a certainty level 'definite' or 'probable' to minimize false positives due to potential species misidentification.
Furthermore, as required by Maxent, each cetacean sighting was treated as a single presence record, independent of the number of animals sighted.
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Environmental data
To study circumpolar/basinwide habitat preferences of humpback and Antarctic minke whales we relied on remote sensing datasets, which were selected based on their potential ecological relevance in influencing each species' distribution (Table 1) . (AMSR-E) instrument on board the Aqua satellite with a spatial resolution of 6.25 km x 6.25 km (Kaleschke et al., 2001; Spreen et al., 2008) . Daily chlorophyll-a (chl-a) concentration values (Level 3 Standard Mapped Image products) with a spatial resolution of 0.83° x 0.83°
Depth
were derived from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS). However, due to large data gaps chl-a was excluded from the list of candidate environmental variables (see
2.3).
Based on these environmental variables several additional parameters were derived.
Bathymetric slope as well as spatial gradients for SST and SSH were derived from depth, SST and SSH, respectively, using the gradientm function in Matlab®. Sea ice variance was obtained from sea ice concentration by calculating the variance of sea ice concentration over the 14 days prior to the cetacean sighting. Time-lagged sea ice concentrations were derived by using the sea ice concentration at the 7 th and 14 th day previous to the cetacean sighting.
The distance to the sea ice edge, defined at 15% sea ice concentration (Tynan and Thiele, 2003) was calculated as an 'effective' distance eff d to the sea ice edge, which is based on the weighted average of distances to a subset of suitably selected points from the sea ice edge.
This returns an ecologically relevant average distance to the surrounding, possibly fractured, sea ice edge (see Appendix A for calculation of eff d ). Our approach differs from the frequently calculated distance between the cetacean sighting and the nearest point of the sea ice edge (e.g. Beekmans et al., 2010; Friedlaender et al., 2011) , which might result in erratic measures when the cetacean sighting occurs in the vicinity of small ice floes (with ice concentration values <15%) while the overall sea ice edge is located at a larger distance.
Length of day was calculated as the amount of minutes that the angle of the sun was ≥ -6°
(according to the definition of civil twilight). 
Habitat modelling
Maxent, a maximum entropy algorithm, which was specifically developed for the use with presence-only data (Phillips et al., 2006; Phillips et al., 2004 ) was used to develop independent habitat models for humpback and Antarctic minke whales. Maxent is widely applied in the habitat modelling community and has seen over 1000 applications so far (Merow et al., 2013) . It offers the unique advantage of combining presence-only data with a powerful model algorithm (Elith et al., 2006; Wisz et al., 2008) and shows excellent predictive ability even when sample size is small (Hernandez et al., 2006; Wisz et al., 2008) .
Maxent furthermore allows accounting for potential sampling biases inherent in the sightings data by selecting background data with the same bias as prevalent in the presence data (Phillips et al., 2009 ).
Maxent estimates, based on the location of cetacean sightings (presence-only data) and a set of associated environmental data (background data), the probability distribution of species occurrence by finding the probability distribution of maximum entropy, i.e. the distribution that is closest to uniform across the study area. This probability distribution is subject to a set of constraints, which represent the available yet incomplete information about the target distribution (Phillips et al., 2006) . These constraints are governed by the distribution of the environmental variable values at the sighting locations and are expressed in terms of simple functions known as features, which can be based on continuous and categorical environmental data as well as on interactions between different environmental variables (Phillips et al., 2006; Phillips and Dudík, 2008) . We used Maxent version 3.3.3k for modelling, which offers 6 feature classes: linear, quadratic, product, hinge, threshold and category indicator (http://www.cs.princeton.edu/~schapire/maxent/).
To compensate for potential regional and strata biases in the sightings data, background data were selected randomly from all cruise tracks covered by RV Polarstern from January 2005
to January 2011, i.e. the period during which cetacean sightings were collected. Cruise tracks, along which cetacean sightings were recorded, were determined by multi-disciplinary research programmes, rather than by survey designs optimized for cetacean surveys. The coverage of the study area was therefore spatially biased with preferences for open water as well as a frequently repeated transect along the Greenwich meridian and across the Weddell Sea ( Fig. 1) . By selecting background data based on the cruise tracks, the background data were subject to the same spatial bias as the sightings data, a method that has been shown to considerably improve model performance (Phillips et al. 2009 ).
Each cetacean sighting and background data point was subsequently merged with the corresponding set of candidate environmental variables ( values (1992 -2011) . This appeared a sensible approximation, as only small seasonal SSH variability is to be expected in the far South (except for the region of the coastal current). For each SWD dataset, an exploratory data analysis was conducted prior to modelling to obtain a first overview of the distribution of the sightings data across the range of each of the candidate environmental variables and to test for potential outliers (Appendix B, Table B .1).
Only one Antarctic minke whale sighting deviated substantially in 5 of the associated environmental variable values (> 3-fold the SD) compared to the other sightings for this species and was therefore excluded from further analyses. After data processing the final cetacean dataset used for modelling comprised 93 humpback and 139 Antarctic minke whale sightings ( Fig. 1) . Additionally, we calculated correlation coefficients for the candidate environmental variables for each SWD dataset. As correlation coefficients did not exceed a value of 0.6, all variables were included in the Maxent model runs.
Model runs and settings
Maxent runs were based on hinge features only, which have been shown to provide more succinct approximations of the species' true distribution probability, exhibit high predictive ability, while not significantly increasing model complexity (Phillips and Dudík, 2008) .
Response curves for both humpback and Antarctic minke whale models were built using default settings for the regularization parameters and were visually inspected for signs of overfitting, which would express itself in complex or ecologically unrealistic structures of the response curves. Overfitted models, while predicting training data well, generally fail in predicting independent data and are hence less transferable to unsampled areas of the study site. The response curves of neither model showed signs of overfitting, suggesting that the default settings might be applied expediently.
To assess the relative importance of the candidate environmental variables within each Maxent model, jackknife tests of environmental variable importance were conducted. Results
were assessed on the basis of AUC values (area under receiver operating characteristic (ROC) curve) (see Fielding and Bell 1997) calculated for test data. This test provides an indication of how well the models perform when an environmental variables is omitted and additionally how each variable contributes to the model individually. Based on this test we selected the set of 'most relevant environmental variables' for each model. All environmental variables that, when omitted, resulted in an increased AUC value were excluded from subsequent model runs. Starting with the variable which, when omitted, yielded the largest increase in the AUC value, this procedure was repeated until the AUC value could not be increased any further.
Spatial prediction maps
We calculated spatial prediction maps of habitat suitability based on Maxent's logistic output, which depicts habitat suitability across the study area with values ranging from 0 to 1, whereby values are scaled such that a value of 0.5 corresponds to sites exhibiting typical conditions for the species (see Elith et al., 2011; Phillips and Dudík, 2008 for further details).
We resampled all environmental variables to a consistent spatial resolution of 0.25° for the prediction maps. For humpback whales, circumpolar prediction maps were calculated from
November to Table 2) restricted the calculation of the prediction maps to 60°W to 60°E and the 1 st and 15 th of each month.
Intrinsic model evaluation
To assess model performance, sightings data were split into training and test datasets based on n -fold cross-validation ( n = 9 for humpback whales and n = 13 for Antarctic minke whales).
As the aim of this study was to create large scale prediction maps, we projected habitat suitability also to unsampled sites of the study area. When transferring model results to novel geographic areas, model predictions can become uncertain when environmental conditions at these sites are outside the model's training range. We used Maxent's MESS (multivariate similarity surfaces) (Elith et al. 2010) and MoD (most dissimilar variable) map functions to test how similar the environmental conditions of the prediction area are to the those encountered during model training (MESS) and which environmental variable deviates most at any given point of the prediction map (MoD).
Model evaluation using independent data
Models were further assessed using independent data of humpback and Antarctic minke whale distributions taken from catch records (Allison, 12 February 2013; Zemsky et al., 1995) and the IWC's IDCR/SOWER sighting surveys. Both datasets are available at a circumpolar and long-term scale (catch records: humpback whales (1929 -1967 , Antarctic minke whales (1955 IWC sightings (1978 ). November. On an intra-annual scale, however, -from the spring to the late summer monthsthe distribution of suitable habitat conditions changes considerably for both cetacean species.
Results

Maxent models and spatial prediction maps
Here we use the IWC's division of the Southern Ocean into 6 management areas to facilitate the discussion of spatial patterns of predicted habitat suitability: Area I: 120°W -60°W, Area II: 60°W -0°, Area III: 0° -70°E, Area IV: 70°E -130°E, Area V: 130°E -170°W, Area VI:
170° W -120°W (Donovan, 1991) . Grey areas indicate land areas or regions for which values for one of the environmental variables are missing. The 6 IWC management areas are indicated by the solid white lines (Donovan, 1991) .
Humpback whales
Discussion
Reliability of model predictions
The results of this study provide large-scale predicted patterns of habitat suitability for humpback and Antarctic minke whales, by 'extrapolating' knowledge of sightings from sampled to unsampled areas. Through habitat modelling, this apparent extrapolation is the result of an interpolation in environmental space followed by a projection from environmental to geographic space. Hence, while the Maxent habitat models make predictions for areas outside the spatially sampled area, these predictions are educated by the knowledge of environmental conditions at the sighting locations, at least as long as they are within the environmental space sampled (see discussion on the use of MESS and MoD plots below). By operating in environmental space, the habitat models make use of the underlying assumption that a species' distribution likely is the result of the species' specific response to its environment (Barry & Elith 2006 ). Therefore, the most reliable model predictions are to be expected for those regions that are a) within the range of the overall known distribution of the respective species, b) associated with previously sampled environmental spaces, and c) that represent areas with the same ecological function. Our spatial projections would for example fail should we use our humpback whale model (which is trained on data from high latitude feeding areas) to project habitat suitability in the lower latitude breeding areas, as these are not comprised in the environmental space sampled (e.g. Nevertheless, in order to evaluate the models usefulness as a pre-cruise planning tool for seismic surveys, the reliability of model projections to unsampled parts of the study area needs to be assessed. To this end, internal consistency is analysed and comparisons of habitat suitability maps with independent catch records and IWC sightings are conducted below.
Internal model consistency checks
A first check considers the standard deviation of the average AUC values calculated for the n replicate cross-validation runs for each species' habitat model. In this study, the standard deviation is small: 0.844 ± 0.062 for the humpback whale model, 0.715 ± 0.072 for the Antarctic minke whale model (Table 2 ). This indicates consistency between folds and hence reliability of the models as such. novel environmental conditions is questionable, predictions in these areas need to be considered with extreme caution.
The high overlap of environmental conditions in the prediction area with those encountered during model training likely results from the adequate coverage of the study area's environmental strata. Areas or times with novel environmental conditions should form the basis for future surveys to increase the models' predictive reliability.
Model assessment based on external data
Additionally we compared predictions maps with known distribution patterns derived from historic catch and IWC sightings data. When comparing model predictions with these independent data several environmental and temporal biases have to be considered. First, pelagic whaling did not primarily target humpback and Antarctic minke whales, but rather blue and fin whales, which likely biased catch effort towards regions with high densities of the latter two species. Second, catch effort was spatially not equally distributed. Relatively and the environmental variables used in our study differ by several decades. Environmental changes, such as a warming of the Southern Ocean (Gille, 2002) and regional changes in sea ice extent (Stammerjohn et al., 2008) have been observed over the last decades and might have affected cetacean distribution patterns. However, these datasets form the only long-term and circumpolar sources on humpback and Antarctic minke whale distributions and were used (with appropriate caveats and assumptions) to compare large scale distribution patterns with habitat suitabilities predicted by the models.
Humpback whales
The spatio-temporal change in predicted humpback whale habitat suitability is also evident in the catch records and IWC sightings data (Fig. 5) . Catches in November were relatively sparse but match to a large extent the distinct areas predicted by the model for this month.
From December to January, catches occurred over wider latitudinal and longitudinal ranges.
At the end of February, when the model predicts most favourable conditions closer to the Antarctic continent, whalers caught humpback whales also in the vicinity to the coast.
Nevertheless, catches remained spread out between 0° -45°E and also extended in latitudinal range in IWC Area VI. These are both regions where favourable habitat conditions are predicted over wider latitudinal areas. During March, the overall habitat suitability as predicted by the model is low and the number of whales caught also decreased considerably.
Throughout April, the model predicts highly unsuitable habitat conditions for the full extent of the study area in accordance with low catch records for this month. (Harris and Orsi, 2001, updated 2008) . The white/black lines extending from the South Pole indicate the 6 IWC management areas (Donovan, 1991) . Catch records from (Zemsky et al., 1995) . IWC sightings data acquired from office of the IWC (http://iwc.int/).
Jan
The IWC data also indicate that humpback whales were frequently sighted during January and February (Fig. 5) , whereby sightings occurred closer towards the Antarctic coast in February compared to the wider latitudinal range (especially from 0° -45°E and in IWC Area VI) in January. The same pattern is evident in Kasamatsu et al.'s (1996) analysis of IWC sightings and additional data from Japanese sighting surveys, showing an increase in encounter rates from early November to late December. High humpback whale densities were encountered over a wide latitudinal range throughout January, which steadily decreased throughout February.
Throughout the season, predicted habitat conditions remain highly favourable within distinct longitudinal sectors (e.g. 30°E, 90°E, 130°W). This pattern matches well with reports on longitudinally heterogeneous humpback whale distribution patterns based on historic catch and more recent sightings data. Omura (1973) showed that most humpback whales were caught between 20°E -30°E, 80°E -120°E and 140°E -160°E. High occurrences of humpback whales were also found by Kasamastu et al. (1996) between 0 -60°E, 80°E -120°E, 150°E -160°E, 120°W -180° and between 40°W -80°W and between 70°E -130°E
by Matsuoka et al. (2011) and Thiele et al. (2000) .
We additionally used the IWC sightings data (described in 2.3.4.), yet confined to those 36-times the standard deviation of the random distribution). Contrastingly, the random distribution peaks at lowest scores (≤ 0.15) for which only few IWC sightings occurred. These differences indicate that the model aptly identified areas with preferential sighting probability for humpback whales during independent IWC surveys.
-26 - 
Antarctic minke whales
For the area between 60°W to 60°E, only few Antarctic minke whale catch data are available, especially for IWC Area II, reflecting the low catch priority of Antarctic minke whales during the commercial whaling period, which started after the depletion of the larger baleen whale stocks around 1970s (Tønnessen and Johnsen, 1982) . The spatio-temporal pattern in catch locations (including catch data from IWC Areas I, IV, V and VI), is nevertheless fairly consistent with model predictions; Antarctic minke whales were caught over a wider latitudinal range during November and December and in regions close to the Antarctic coast during the remaining season (Fig. 7) . (Donovan, 1991) . Catch records from (Zemsky et al., 1995) . IWC sightings data acquired from office of the IWC (http://iwc.int/).
In contrast to the catch records, the IWC sightings database for Antarctic minke whales is fairly extensive and shows minke whale sightings to occur predominantly close to the Antarctic coast during January and February, consistent with the model predictions (Fig. 7) .
However, IWC Antarctic minke whale sightings occurred over a broader latitudinal range when compared to model predictions, possibly as a result of the across-year variability in sea ice extent between survey and model years, affecting the area that could effectively be covered during the IWC surveys. Kasamatsu et al. (1996) noted that encounter rates for Antarctic minke whales were highest south of around 65°S in January and February, which is consistent with the suitable habitat predicted by the model mainly in the southern extent of the study area.
Given that the IWC's minke whale sightings were collected in open water areas, we could not perform a similar quantitative assessment of model performance as we did for the humpback Jan whale model. This is the aim of further research, especially in the context of the current debates regarding the importance of sea ice areas as suitable Antarctic minke whale habitat and related efforts in estimating Antarctic minke whale abundances (Branch 2006a,b) .
Ecological agreement
The spatio-temporal patterns in habitat suitability predicted by each model agree well with the current knowledge on the spatial ecology of humpback and Antarctic minke whales.
The humpback whale model predicts suitable habitat conditions consistently north of the sea ice edge, which is in accordance with humpback whales being described as an open water species (Ainley et al., 2003) . On the circumpolar scale, Tynan (1998) showed that humpback whale distribution during December and January coincides with the climatological mean position of the southern boundary of the ACC. Humpback whales are assumed to follow the southern retreat of the sea ice edge, thereby taking advantage of highly productive areas associated with the continued development of the marginal sea ice zone throughout the season and move closer to the Antarctic continent by February (Tynan, 1998) . The same pattern is evident in our model predictions. Predicted suitability is especially high in areas where the front is deflected (around 30°E, 90°E, 130°W and the western part of IWC Area II). These regions have also been identified as humpback whale 'hotspots' in previous studies (Matsuoka et al., 2011; Thiele et al., 2000; Tynan, 1997; Tynan, 1998) .
Antarctic minke whales are a pagophilic (i.e. ice-loving) species, having been observed within heavily sea ice covered areas (Ainley et al., 2007; Scheidat et al., 2011) . Antarctic minke whales have further been associated with low SST temperatures (Kasamatsu et al., 1998; Ribic et al., 1991) and continental shelf areas (e.g. Ballard et al., 2012; Beekmans et al., 2010; Kasamatsu et al., 2000) , which occur throughout the southernmost parts of the study area.
These observations match with our model predictions, which show that high minke whale habitat suitability is closely associated with sea ice covered areas.
Comparing model predictions between humpback and Antarctic minke whales for IWC Areas II and III indicates only little spatio-temporal overlap of suitable habitats for much of the season (Fig. 8) . The sea ice edge thereby seems to act as a major 'separator' between each species' main habitat. Spatial habitat separations between humpback and minke whales have also been described by Kasamatsu et al. (1996) . Scheidat et al. (2011) further noted a latitudinal separation of humpback and Antarctic minke whales during summer in the Weddell Sea, with Antarctic minke whales sighted further to the South and close to or within the sea ice.
Given that the majority of baleen whale species feed almost exclusively on Antarctic krill (Euphausia superba) (Kawamura 1994) , spatially different habitats may have evolved as a result to reduce interspecific competition for food. Murase et al. (2002) suggested that humpback and Antarctic minke whales could reduce competition for food by utilizing different areas. Due to their comparatively small size, Antarctic minke whales seem ideally adapted to exploit food resources within the often narrow confines of the sea ice environment (Thiele et al. 2000 , Ainley et al. 2003 . Additionally, Antarctic minke whales are known to occasionally consume other species: in the southern part of the Ross Sea, Antarctic minke whales also feed on as ice krill (Euphausia crystallorophias) and Antarctic silverfish (Pleuragramma antarcticum) (Ichii et al. 1998) . The preference of Antarctic minke whales for sea ice covered regions has also been related to predation avoidance, as these areas likely offer refuges from sea ice avoiding Type A killer whales, which are known to prey on Antarctic minke whales (Pitman & Ensor 2003) .
Some spatial overlap in humpback and Antarctic minke whale habitat, however, occurs in the vicinity of the sea ice edge. Potential inter-specific competition for krill in this area might be resolved by resource partitioning as observed on the western Antarctic Peninsula, where humpback and Antarctic minke whales target different krill length-maturity classes (Santora et al. 2010 ) and also at different depths (Friedlaender et al. 2009 ). Unravelling the mechanisms that led to the formation of each species' ecological niche, however, requires small-scale habitat studies, investigating both krill distribution and associated cetacean foraging behaviour as well as predator avoidance strategies, which are beyond the scope of this study. The IWC management areas are indicated by the white line extending from the South Pole (Donovan, 1991) .
The species-specific habitat preferences of humpback and Antarctic minke whales are also reflected in the set of environmental variables selected by each species' final model, which differ both in the composition and number of environmental variables, as well as the permutation importance of the respective variables (Table 2) . For humpback whales, the most important environmental variables are length of day contributing most to the explanatory power of the model (38.7%), followed by SSH (19.6%), SST gradient (13%) and 14-day timelagged sea ice concentration (10.9%). For Antarctic minke whales, the most important variables for the model are effective distance to the sea ice edge (39.6%), SST (24%) and depth (18.4%). The relevance of this selection of variables is further supported by the AUC jackknife tests.
Model predictions as a planning tool
The habitat models presented in this study are the first attempt of a (partly) circumpolar representation of each species' habitat during the Antarctic spring and summer months.
Habitat models can only estimate that part of a species' niche that was actually captured by the sightings data and their applicability to unsampled areas is therefore dependent on the representativeness of environmental conditions inherent in the input data. Overall, both models reproduce well-known areas of higher humpback and Antarctic minke whale occurrences, also in unsampled areas. This likely results from the wide range of environmental strata across which the sightings data were sampled. As a next step the prediction maps should be correlated with local, spatio-temporally resolved density estimates, ideally sampled across a range of different suitability values (high/low). This correlation would allow calculating estimates of likely ship-whale encounter rates, a critical parameter in assessing the number of animals and potentially the percentage of the population which might become affected during a planned seismic survey.
Given the good performance of the models, it is instructive to explore the potential of the prediction maps at hand as a planning tool for seismic surveys. Particularly the fine temporal resolution of the maps allows identifying potential hotspots throughout the season, which could be avoided by knowledgeable pre-cruise planning. Avoidance of important habitats does not only minimize impacts on cetaceans, but also benefits the seismic campaign as shutdowns are less likely when surveys are conducted in areas or at times of low habitat suitability in the survey region, reducing overall anthropogenic acoustic exposure of the area. Fig. 9 depicts the layout of a hypothetical seismic survey, comprising a North-South trackline along the Greenwich meridian from 50°S to the Antarctic coast (around 70°S) and a second SouthNorth trackline for the same latitudes at 1° E. The question at hand is to select the most suitable time and starting point for this cruise while aiming to minimize the likelihood of encountering whales by avoiding ship presence in areas that have high habitat suitability.
We tested two different temporal scenarios for the year 2007, the first starting on January 15 finishing mid-February and the second starting on February 15 and returning mid-March, respectively (assumed survey speed ca. 4kn). For each scenario we derived the habitat suitability values at the time and location of the hypothetical ship based on our prediction maps for humpback whales. This exercise requires daily prediction maps and could therefore only be executed for the humpback whales at this time. As Fig. 9 indicates, overall habitat suitability values encountered during a survey planned according to the second scenario are considerably lower compared to the first scenario. This is also supported when calculating the mean habitat suitability for each survey along with its standard error according to: Hence planning our hypothetical survey towards the end of the summer months offers a possibility to avoid ship presence in areas of higher mean habitat suitability as well as in localized areas of higher habitat suitability (potential hotspots) to minimize potentially negative effects of seismic surveys on humpback whales in this part of the Southern Ocean.
When varying the prospective survey design, the lower average habitat suitability value identifies the approach that is likely to minimize encounter rates for the respective species.
Making such assessments in the context of an EIA (environmental impact assessment) would -33 -represent 'best possible practise' as long as other research does not to provide contradicting information, which of course requires appropriate discussion in any contingent EIA.
This relatively simple example illustrates how seismic surveys in offshore areas could be designed as to minimize their contingent ecological impact. The general trend in our prediction maps suggests that offshore surveys should be planned towards the end of the season, when habitat suitability for both species is highest in coastal areas and hence potential impacts on humpback and Antarctic minke whales would be minimized. When North-South transects are conducted, transect lines could e.g. be planned such that they follow the southward retreat of humpback whales within a certain time delay. In coastal areas, seismic surveys are temporally restricted to ice-free periods and overlap with the occurrence of suitable humpback and Antarctic minke whale habitats. Nevertheless, the prediction maps indicate areas with lesser habitat suitability, which -depending on the targeted geographic research area -might allow focusing surveys on areas with a lesser likelihood to encounter humpback and Antarctic minke whales. 
Conclusion
This study demonstrates the potential of habitat modelling to derive large-scale information on the habitat suitability patterns of humpback and Antarctic minke whales in the Southern
Ocean. For both cetacean species, prediction maps identified a rather opposite distribution of suitable habitat conditions, with suitable humpback whale habitats occurring north of that for Antarctic minke whales. The fine temporal resolution used for the habitat models and prediction maps revealed considerable changes in habitat suitabilities throughout the spring and summer months for both cetacean species. This highlights the importance to account for dynamic processes that structure the Southern Ocean ecosystem throughout the seasons, which in turn allows a more detailed risk assessment and planning of seismic research activities.
The spatial prediction maps as presented here provide not only a valuable planning tool in the context of seismic activities, but could also be used to direct more detailed cetacean-habitat studies. Given that visual data are biased towards the summer months, the maps may be used to identify suitable positions for passive acoustic monitoring moorings to obtain year-round information on cetacean presence. In some cases, specific call types have been associated with behaviours, which would allow associating spatial habitat information with specific habitat usage.
Pre-cruise planning (based on prediction maps) should of course not be considered as an alternative to operational mitigation measures, such as shut-downs, when whales enter the environs of an acoustic source. These approaches are primarily aimed at minimizing the risk of injuring individuals that might get too close to the acoustic source. Rather, prediction map based pre-cruise planning allows minimizing the likelihood of ship-whale encounters based on avoiding activity in high suitability areas and is hence of relevance at the population instead of individual level. Further extended applications of the maps as a pre-cruise planning tool may allow the inclusion of an 'impact radius' when calculating encounter likelihoods, by considering information on distances at which species-specific behavioural responses are likely to occur.
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